Approximately one-third of all patients with diagnosed chronic thromboembolic pulmonary hypertension (CTEPH) are not amenable to surgical pulmonary endarterectomy (PEA), mainly due to peripheral localization of pulmonary vascular obstructions.^[@bibr1-2045894018783996]^ Several pulmonary arterial hypertension (PAH) therapies have been considered for use in CTEPH patients: bosentan, an endothelial receptor antagonist,^[@bibr2-2045894018783996]^ and sildenafil, an inhibitor of phosphodiesterase-5,^[@bibr3-2045894018783996]^ were found to improve pulmonary hemodynamics, but there was no significant change in patients' physical capacity, and randomized controlled trials (RCT) failed to meet their primary endpoint. Riociguat, a stimulator of soluble guanylate cyclase, is the first drug that improves not only pulmonary hemodynamics but also the physical capacity of inoperable CTEPH patients, and it is the first drug that has been approved for this indication.^[@bibr4-2045894018783996][@bibr5-2045894018783996]--[@bibr6-2045894018783996]^

An increasing number of inoperable CTEPH patients are currently being treated with balloon pulmonary angioplasty (BPA), but the use of targeted medical treatment differs among various centers.^[@bibr7-2045894018783996][@bibr8-2045894018783996][@bibr9-2045894018783996][@bibr10-2045894018783996][@bibr11-2045894018783996][@bibr12-2045894018783996]--[@bibr13-2045894018783996]^ As the evidence for BPA is still scarce, with a lack of long-term data and/or controlled clinical trials, this interventional therapy is not clearly recommended in current guidelines. Moreover, guidelines describe BPA as a further, additional treatment option for inoperable CTEPH patients (IIb C) after initiating riociguat without any evidence to support this recommendation.^[@bibr14-2045894018783996]^

Therefore, the aim of the present study was to determine the effects of riociguat treatment in inoperable CTEPH patients with BPA-feasible target lesions determined by angiography. Furthermore, additional effects of BPA on top of medical treatment were investigated.

Methods {#sec1-2045894018783996}
=======

Patient selection {#sec2-2045894018783996}
-----------------

Patients admitted to the Kerckhoff Clinic, Bad Nauheim, Germany, who, after evaluation in a multidisciplinary CTEPH conference, were scheduled for BPA between March 2014 and July 2017 were considered eligible for inclusion in the present prospective, observational cohort study. The Kerckhoff Clinic serves as an international reference center for CTEPH, with \>150 PEA and \>200 BPA procedures performed per year. CTEPH was diagnosed in symptomatic patients who presented in at least World Health Organization (WHO) functional class (FC) II with a mean pulmonary arterial pressure (mPAP) of at least 25 mmHg at rest and with pulmonary vascular lesions on computed tomography and conventional biplanar pulmonary artery angiography. Patients were deemed technically inoperable based on a comprehensive assessment of imaging findings; they were included in the study if they were considered to be amenable to BPA. Patients were treated with riociguat and BPA was offered after a period of at least three months of targeted medication if WHO FC was still ≥II.

A total of 123 consecutive patients underwent BPA treatment. Follow-up after six months was completed in 69 patients. Of these, 36 patients were without targeted medication at the time of referral ([Fig. 1](#fig1-2045894018783996){ref-type="fig"}); these patients served as the study cohort. Fig. 1.Flow chart describing the balloon pulmonary angioplasty program in Bad Nauheim showing patient selection.

All patients were informed in detail about the investigational nature of the study, including potential risks and benefits, and gave written informed consent to participate. The local ethics committee approved this prospective observational study (AZ 43/14, Giessen University Ethics Committee). All patients included were also enrolled in the New International CTEPH Database of the International CTEPH Association (NCT02656238).

Clinical assessment {#sec3-2045894018783996}
-------------------

All patients underwent standardized assessment: (1) before initiation of medical treatment; (2) before the first BPA; and (3) six months after the last intervention. Assessment included WHO FC, 6-min walking distance (6MWD), serum levels of creatinine (with calculation of the estimated creatinine clearance) and of the N-terminal fragment of pro-brain natriuretic peptide (NT-proBNP), and right heart catheterization to determine right atrial pressure (RAP), pulmonary arterial pressures (PAP), pulmonary artery wedge pressure (PAWP), cardiac output (CO), cardiac index (CI), and pulmonary vascular resistance (PVR) ([Fig. 2](#fig2-2045894018783996){ref-type="fig"}). Fig. 2.Study flow chart for the 36 patients included in the study.

Targeted medical therapy {#sec4-2045894018783996}
------------------------

Targeted medical therapy with riociguat was initiated in an outpatient setting. The initial dose was 1 mg three times daily, which was increased to the maximally tolerated dose (up to 2.5 mg three times daily) within 4--6 weeks.

Balloon pulmonary angioplasty {#sec5-2045894018783996}
-----------------------------

BPA was performed as a staged procedure, with a limited number of pulmonary segments being treated during each session. All procedures were performed in conscious patients under local anesthesia (and light sedation, if required). The standard procedure has been described previously.^[@bibr13-2045894018783996]^ Briefly, using femoral or jugular access, a sheath was placed in the pulmonary artery and a guiding catheter was inserted into the target segmental arteries. The guide wire was then advanced into the target subsegmental branches, which were subsequently dilated by multiple balloon inflations. Final pulmonary angiography documented the post-procedural morphological result.

Statistical analysis {#sec6-2045894018783996}
--------------------

All data for continuous variables are expressed as mean ± SD or as median and interquartile range (IQR), as appropriate. Categorical variables are reported as number and percentage. Continuous variables were compared using the Wilcoxon signed-rank test. Longitudinal comparisons were made across repeated observations without correction for multiple comparisons. The cohort data were distributed parametrically, as determined by the Kolmogorov--Smirnov test. All statistical tests were performed with SPSS software, version 22.0. A two-tailed *P* value \<0.05 was considered to indicate statistical significance.

Results {#sec7-2045894018783996}
=======

Baseline characteristics and procedures {#sec8-2045894018783996}
---------------------------------------

A total of 36 consecutive patients underwent BPA after initiation of targeted medication with riociguat. The demographics and baseline characteristics of these patients before riociguat administration are given in [Table 1](#table1-2045894018783996){ref-type="table"}. The hemodynamics and functional capacity before riociguat are shown in [Table 2](#table2-2045894018783996){ref-type="table"}. The follow-up was concluded in July 2017. Table 1.Baseline characteristics of patients at time of inclusion.Last measurement before riociguat treatmentPatients (n (%))36 (100)Age (years) (median (IQR))62 (50--71)Female (n (%))14 (38.9)Body mass index (kg/m^2^) (median (IQR))24 (23--27)History of VTE (n (%))10 (27.8)Interval between first symptoms to CTEPH diagnosis (months) (median (IQR))16 (6--44)*Pulmonary function*TLC (% pred)97 ± 25FVC (% pred)84 ± 20FEV~1~ (% pred)83 ± 22*Anticoagulation*Vitamin K antagonist (n (%))6 (16.7)FXa inhibitor (n (%))30 (83.3)[^2][^3] Table 2.Baseline functional capacity and hemodynamics of patients at time of inclusion.nLast measurement before riociguat treatment*Exercise capacity*WHO FC (n (%))36I0 (0)II0 (0)III19 (52.8)IV17 (47.2)6MWD (m)26389 ± 108*Hemodynamics and NT-proBNP*mPAP (mmHg)3649 ± 12PAWP (mmHg)369 ± 4CO (L/min)364.3 ± 1.3CI (L/min/m^2^)362.2 ± 0.6PVR (dyn·s·cm^--5^)36956 ± 501NT-proBNP (ng/L) (median (IQR))311137 (283--2142)[^4][^5]

All patients were treated with riociguat and medical therapy was continued even after the six-month follow-up. In eight patients, the full dose could not be administered due to side effects (e.g. arterial hypotension, gastrointestinal disorders). The interval between initiation of targeted medication to first BPA was five months (range = 2--18 months). A total number of 195 interventions were performed. The median number of sessions per patient was five (range = 5--6). The median number of pulmonary segments targeted in all interventions was 11 (range = 8--13). The median duration from first BPA to the six-month follow-up assessment was 14 months (IQR = 12--16 months).

Response to treatment with targeted medication {#sec9-2045894018783996}
----------------------------------------------

The effects of targeted medical treatment with riociguat on hemodynamics, serum NT-proBNP, and exercise capacity (WHO FC, 6MWD) in comparison with baseline are presented in [Table 3](#table3-2045894018783996){ref-type="table"} and [Fig. 3](#fig3-2045894018783996){ref-type="fig"}. The WHO FC improved by at least one class in 13 (36.1%) patients and remained unchanged in 23 (63.9%) patients (*P* = 0.01). The 6MWD improved by an average of 20 m (5% from baseline; range = 1--17%), but this was not a significant change (*P* = 0.88). Hemodynamic assessment showed significant improvements in mPAP (49 ± 12 mmHg vs. 43 ± 12 mmHg; *P* = 0.003) and PVR (956 ± 501 dyn·s·cm^--5^ vs. 517 ± 279 dyn·s·cm^--5^; *P* = 0.0001). NT-proBNP levels were significantly decreased (baseline = 1137 ng/L \[IQR = 283--2142\] vs. under riociguat = 1010 ng/L \[IQR = 128--1887\]; *P* = 0.02). Table 3.Functional capacity and hemodynamics with riociguat and 6 months after BPA.nUnder riociguatn6 months after BPA*P* value*Exercise capacity*WHO FC (n (%))36360.0001I0 (0)18 (50.0)II7 (19.4)16 (44.4)III18 (50.0)2 (5.6)IV11 (30.6)0 (0)6MWD (m)32409 ± 10230467 ± 950.0001*Hemodynamics*Right atrial pressure (mmHg)367 ± 4366 ± 30.02mPAP (mmHg)3643 ± 123634 ± 140.0001sPAP (mmHg)3674 ± 213659 ± 250.0001dPAP (mmHg)3625 ± 73618 ± 80.0001PAWP (mmHg)3610 ± 33610 ± 30.92DPG (mmHg)3615 ± 7368 ± 80.0001TPG (mmHg)3633 ± 113624 ± 130.0001CO (L/min)365.0 ± 1.5365.5 ± 1.30.0001CI (L/min/m^2^)362.6 ± 0.7362.9 ± 0.60.02PVR (dyn·s·cm^--5^)36517 ± 27936360 ± 1750.0001PAC (mL/mmHg)361.4 ± 0.6362.3 ± 1.00.0001HR (bpm)3678 ± 123670 ± 110.001*Laboratory findings*NT-proBNP (ng/L) (median (IQR))291,010 (128--1,887)35150 (75--385)0.0001Creatinine[\*](#table-fn6-2045894018783996){ref-type="table-fn"} (mg/dL)280.98 ± 0.31360.91 ± 0.280.02eGFR (mL/min)2882 ± 283694 ± 590.05[^6][^7][^8] Fig. 3.Effects of riociguat and BPA on (a) mPAP, (b) PVR, (c) WHO FC given in mean values, (d) NT-proBNP, (e) 6MWD, and (f) PAC. The asterisk indicates the significance level (\**P* \< 0.05; \*\*P \< 0.001).

Response to treatment with a combination of targeted medication and BPA {#sec10-2045894018783996}
-----------------------------------------------------------------------

The effects of BPA on hemodynamics, serum NT-proBNP, and exercise capacity in comparison with the assessment after at least three months of riociguat are presented in [Table 3](#table3-2045894018783996){ref-type="table"} and [Fig. 3](#fig3-2045894018783996){ref-type="fig"}. The WHO FC improved in 34 (94.4%) patients and remained unchanged in two (5.6%) patients. The 6MWD after BPA improved by an average of 58 m (12.5%; range = 2--46%) compared with riociguat (riociguat = mean 409 ± 102 m vs. after BPA = 467 ± 95 m; *P* = 0.0001). Hemodynamic assessment showed significant improvement in mPAP and PVR. NT-proBNP was significantly decreased six months after BPA.

Complications of BPA {#sec11-2045894018783996}
--------------------

Twenty-seven procedure-related complications occurred during the 195 interventions (13.8% of all interventions). These adverse events were mostly caused by wire perforation of the pulmonary vasculature, resulting in parenchymal bleeding with mild hemoptysis in some cases. Seven patients developed reperfusion edema with clinical symptoms (coughing of frothy secretion, desaturation) and consolidations in chest X-ray during the post-procedural period of 6--24 h (3.6% of all interventions). Non-invasive ventilation, which is routinely used even after mild hemorrhage according to the local standard protocol, was performed in 11 patients. Invasive ventilation was not necessary. All of the patients were alive at the end of the observation period.

Discussion {#sec12-2045894018783996}
==========

There is incremental evidence from smaller and mid-sized case series that BPA exerts beneficial effects on pulmonary hemodynamics and physical capacity in inoperable CTEPH patients. The impact of administering riociguat, the only approved treatment for inoperable CTEPH, before BPA has not yet been elucidated. Here, we detail the changes in hemodynamics and exercise capacity induced by riociguat and describe the effects of treating with BPA in addition to this targeted medication. The main findings of this study are: (1) targeted medication with riociguat improves hemodynamics and physical capacity in inoperable CTEPH patients amenable to BPA; (2) the additional interventional treatment of these patients by BPA leads to further improvements; (3) the combination of riociguat and BPA is feasible and safe in this particular group of patients. These findings strengthen the evidence for the current recommendation by the guidelines.^[@bibr14-2045894018783996]^

The changes in physical capacity and pulmonary hemodynamics under targeted medication are in line with published data.^[@bibr4-2045894018783996]^ Based on the results of the CHEST-1 study, Ghofrani et al. reported a mean reduction in PVR of 226 (±248) dyn·s·cm^--5^ and WHO FC improved in 33% of the patients; in our present cohort, there was also a mean PVR reduction of 439 dyn·s·cm^--5^ and an improvement in WHO FC in 36.1% of the patients. Furthermore, there were no severe side effects observed and a discontinuation of the medication was not required in any patient; however, full dose acceptance was achieved in 77% of patients.

The outcome measures WHO FC, NT-proBNP, and 6MWD are associated with overall survival at baseline and follow-up,^[@bibr15-2045894018783996]^ and 6MWD changes from baseline are clearly correlated with survival as reported in the CHEST-2 trial.^[@bibr6-2045894018783996]^ In the current study, the 6MWD increased by a mean of 20 m after riociguat treatment and a further 58 m after BPA, clearly indicating the benefits of the sequential treatment with riociguat and BPA.

The changes in physical capacity and pulmonary hemodynamics after BPA in our cohort are comparable to the results of other European groups^[@bibr11-2045894018783996],[@bibr16-2045894018783996]^ but are less distinct than those of Japanese observations.^[@bibr8-2045894018783996][@bibr9-2045894018783996]--[@bibr10-2045894018783996]^ This has been discussed previously by our working group^13^ and may be due to an especially well-established program of PEA in Germany that is used less frequently in Japan; thus, some of the patients who underwent BPA in Japan would have been deemed operable in Germany. In our study, patients selected for BPA comprised only those with inoperable disease; hence, patient populations were not comparable. Furthermore, there are no clear data on the use of targeted pretreatment in CTEPH patients treated interventionally. As Lang et al. brought together in their very recent review,^[@bibr16-2045894018783996]^ there is no consensus for the use of PAH therapies in CTEPH patients. Only one center has presented data from their BPA program in which 40% of the patients treated interventionally were on riociguat;^[@bibr17-2045894018783996]^ the authors mainly described changes in MRI findings and did not discriminate hemodynamic changes before and during targeted medication and BPA. Just recently, Aoki et al. reported long-term results of their BPA program: PAH medical therapies were administered in 96% of all patients before BPA.^[@bibr18-2045894018783996]^ However, the use of targeted medication was not standardized: only 17% of all patients received riociguat, which, in fact, represents the best standard of care according to evidence-based criteria; six months after the last intervention the proportion of patients undergoing any targeted treatment was decreased to 68%.^[@bibr18-2045894018783996]^

Our results suggest that the combination of targeted medication with riociguat and BPA is an effective treatment for patients with inoperable CTEPH, leading to significant improvements in physical capacity (WHO FC, 6MWD) and pulmonary hemodynamics. These findings support the recommendations for the treatment of inoperable CTEPH patients available in the latest European guidelines.^[@bibr14-2045894018783996]^ Decreasing PAPs before performing an interventional treatment may be a reasonable concept for avoiding severe complications. However, the observed complication rate is comparable to that of recently published trials.^[@bibr8-2045894018783996][@bibr9-2045894018783996][@bibr10-2045894018783996][@bibr11-2045894018783996]--[@bibr12-2045894018783996],[@bibr16-2045894018783996],[@bibr17-2045894018783996]^ The higher rate of non-invasive ventilation can be explained by the routine use of short-term ventilation even after mild bleeding.

Some limitations to this study must be considered. This is a single-center study of an observational nature. Due to the highly selected population of CTEPH patients, there is no matched control group. However, our analysis reflects "real-world" treatment in an international reference center for CTEPH with high-volume surgical and interventional programs. In addition, this study is the first to investigate the sequential treatment with riociguat and BPA in inoperable CTEPH patients.

This is the first observation focusing on the sequential combination of riociguat and BPA in inoperable CTEPH patients. Despite it being a single-center experience, our study provides a realistic perspective on the management of CTEPH patients in a German referral center with an established surgical and interventional CTEPH program. The combination of targeted medical and interventional treatment shows positive effects on physical capacity and pulmonary hemodynamics in inoperable CTEPH patients. A RCT is required to confirm this concept.
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